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1. POREWORD

Tﬁia‘reaearch at the University of Delaware under Grant
AF-AFOSR 922-67 'for the period February 1, 1968 through
April 30, 1968 waa sponaored by the Alr Force Office of

Scientific Reaearch, Office of Aercapace Research, United
States Air Force.

Alr Force Director for thia program ia Dr. B. T.

Wolfaon, Propulsion Diviaion, Directorate of Engineering
Sclencea, Alr Force Office of Sclentific Reaearch.

1. _ABSTRACT

The combuation characteriatica of cryatalline oxidizers
with methyl ;ubstitutiona have been atudied. Methyl, di-
methyl snd trimethyl A.P. have burning rates faster than A.P.
itaelf. Preliminary atudiea have shown tetramethyl ammonium
nitrate to be the aloweat burning (ambient preaaure) mono-
propellant yet found; only two-thtrda to -ne-half aa faat
aa A.P. A portion of the burning rate increaae of the
subatituted oxidizera ia due to the "molecular premixing"
of fuel (methyl and ammonium) and oxidant (C104~) groupa.
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I. Intr ion

. A fundamental understanding of the combustion
characteristica of a range of physical conditions of
crystelline oxidizers is important if complete ledge
pértaining to the combustion and atebility characteristics
of ‘composite solid propallants 18 to be ettained. iThis
research involves theoretical and experimental studiee of
the burning of crystalline oxidizers ranging in physicel
form from large single crystals to low bulk density
powdars. A strandburner, window bomb and high-gpeed
motion plcture photography will be used to obtsin burning
rates versus pressure, and to record stability of combus-
tion for a variety of particle sizes and pressure (density)
packings of selected crystalline oxidizers (i.e., ammonium
perchlorate) and analogous compounds. /The study of large
single crystal burning will remove particle size, shape,
and packing factors as complications. Data from low bulk
derisity powder combustion studies, when compared with
single crystal data, provides vital information about
i combustion zone thickness, ignition and conductivity con-
tributions to the overall combustion phenomena. In addi-
tion, it is believed that simple combustion teets of
powder oxidizer samples can serve as an efficient screen-
ing. technique for determining whether chemical modifica-
tions have Increased or decreased the Intrinsic burning
rate. Crystalline decomposition mechanisms observed during
burning will be related to the oxidizer intrinsic burning
reta and the basic properties of the oxidizer such as
chemical nature, crystal type, and ion sizes. The velidity
of the models will be determined by correlation with the
experimental date obtained.

1I. Propertise of Substituted Ammonium Perchlorates

As dascribed in Quarterly Report No. 2, we have
prepared methyl, dimethyl and trimethyl A.P. for compari-
son with pura A.P. .
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‘Tabla 1 gives the measured crystal densities at
20°C, and also the high temperature density data of
Stasmler and co-workersl, As might be expected, tha
crystal densities drop as methyl groups are substitucad
for hydrogens in the ammonium cation. The change per
methyl group added becomes less for each eddition.

Their papar gives an excallent evaluation of x-ray dif-
fraction data, and a discussion of oxidizer phase transi-
tions from theoretical and experimental points of view.

Tabla 1

Density of Substituted A—oniu- Pci.‘chlor!ul

Denli.l:y High Temp.*
glee .Density
Compound at 20°C g/ce
Ammonium perchlorate : 1.95 © 1,73 (250°C)
Methylammonium perchlorata 1.65 1-.58“(2:(.)0"0)
Dimethyl ammonium perchlorate 1.48 1.46 (45°C)
‘Trimethyl awmonium perchlorate 1.43 1.21 (245°C)
Tol:ﬁgcthyl mmonium perchlorate 1.35%(25°C)  covecvowow

v

I #Mata of Stammler snd co-workersl.

!0:. studies? on methylammonium perchlorate, A.P.,
EAP and hydrszine perchloraia have shown by tha cold
Iqtrix-ilohtionlinfrarad spectroscopic techniqua that
these oxidirzers vaporize by dissuciation:

. £
WA, €10, (condemsad) (proton transfer) & e,

+ HCIO‘ (g)

S NS e A
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For hydrazine diperchlorate and gusnidiniun per-
chlcrate the relative veporization temperatures were cor-
rcleted with the pK values of the bases in aqueous solu-
tion. Correlations were also msde with relative thermal
stabilities.

III, Coabustion of Substituted Ammonium Perchlorates

The goal of these studies has been to prepare
crystalline oxidizers releted to state-of-the-art materiels
like A.P.; and then to meesure their monopropellant com-
bustion rates. These rates are then to be correlated with
characteristics like chemicel composition, energy release
on combustion, crystal structure, DIA profile and impact
sensitivity. , :

Quarterly report no. 2 described the teats with
granular CH3NH4Cl0; in sample tubes showing its buraing
rete to be about 2 1/2 t{mes as fest as A.P. under the
same smbient conditione. Tabla 2 gives the burning rates
of three of these subegtituted oxidizers compared with A.P.

In conducting there powder burning tests, bulk
density control is critical. It is estimated that the
retio of bulk-to-crystel density should be kept to 0.5t
10% for useful comparisons of burning rate. In comparing
the deta for trimethyl ammonium parchlcorete in row 4 with
that in row 5 (of much lower density), the effect of
looser packing in providing a higher charecteristic burning
surface and thus higher messured burning retes can be
easily sesn, Tests on the dimethyl and trimethyl materiels
will be contimued with gentle pa-king to increase the dem-
sity retio. Ths quench diamete _.>r these materiels appeers
to ba neer 5.0 mm, e8 compared to 3.5 mm for A.P. Table 3
compares burning rete with seve.al thermochemical veriebles.
We believe the best corzelstion will be with specific impulse
for this homologous series. Further testing of the di-
msethyl material is most impor‘snt. Proper density tests
may place its burning rete somewhat below that of MMAP.
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Although we hava ounly predicted combustion changes
through the use of substituted A.P.'s in standard propellamt,
our attertion has been called to an earlier study by Schmidt
and Stammler®. Their theorias had a basis in very interesting
crystallographic studies in combination with DTA examination
of the subatituted A.P.'s. Our theory of rate increasa was
bared on thermochemiczl caleulations showing greater smergy
release and the realizatiom of a fundamental change in com-
bustion reactiom conditions (mass tramsfer) from z hataro-
geneous mixture of fuel and oxidizer-~tc a "premixed" comditiom
in which fuel and oxidizer are in each cryatal umit cell.

Schmidt and Stammler have pointed out that a critical
point was reached--with all oxidizers they tested--whea the
temperature of the crystal provided sufficisnt smargy to allow
frea rotation of the (Cl0,”) ioms. For methyl ammonium
perchlorate (MMAP), this temperature is 180°C as compared
with 240°C for A.P. (see Quarterly Report mec. 2, Figures 1
and 2). This free rotation (and phasa chunge) leads to a2
reactivity which 13 embodiad in lower DTA exctherms. The
lower exotherms mean final decompeaition at lower tempera-
tures, and should lead to higher buraing rates. Most
interesting was their propellant burning rate data showing
the effects of methyl ammonium perchlorate and butyl fer-
Yoceno oddition to a stamdard 71.5 wt.% A.P, oxidigar,

28.5% polybutadiene binder propallant (see Table 4). The
good correlation they obtained between burning rates and
DTA exotherms is of particulsr interest. This correlation
posaibly shows that in a given propellant system when omly
small formulation changes asrs mada the relative position of
the DTA exotherm can be an eccurate indicator of burming
rate level,

At first glance, cne might expcet little differance
between the flame temperatures snd specific impulse values
of the various test propellants. Howaver, for a -CHy-
(polybutadiena)/A.P. type of system, the maximum energy
relaase is nearer 90% than 70% A.P. The 70% A.P. system
is considerably undaroxidized. Imn fact, the adiabatic flame
tempsrature cf a 90% A.P. system 13 3020°K (the sam¢ as for
pure MMAP), and the flame temparatura of a 70% A.P. system
48 less than 1000°K, This meens that almesZ amy hydrocarbem
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fuel addition (or ite equivalen:) will lead to even lower
flame temperatures and energy release. Based on these com-
siderations, it would seem that if flame temperaturee had been

. held constant in the referenced experimernte by increasing the
AP, fraction when the methyl A.P. was added, the burning rate
increases would have beea even greater than those showm in’
Table &, ‘

IV. Impact Semsitivity Test Reeults

Impsct sensitivity wae congidered the next mout
important safety test to differential thermal analysis. With
DTA, we lock for exothermic reactioms, and in perticular, the
finel exotherm which usually leads te ignition.

In the impact teet, a weighed steel ball of several
pounde is allowed to fall from an adjustable measured height
and impact on a hardened steel sample holder. Thie fixture
has a movable upper steel platez with protruding striker which
compresses the test sample into a well in g fixed lower plate.
The original potential energy of the ball before dropping is
converted ro kinetic enmergy on dropping and then to thermal
encrgy, shock waves and gtrain in the sample and the ccnfining
block. The impact sensitivity values are usually reported in
energy units, slways with a well-known compound as a control.
The positive ("fire") test varies from flashing .snd smoking,
to a leud report. Table 5 shows results for thﬁ alkyl sub-
stituted perchleorstes. The third columm data is' taken from
Stammlerd. It can be seen that there are sgeveral ways of
recording sensitivity. A conservative value is the highest
energy input that will not cause a single positive ("fire")
test in ten trials.

Some investigators prefer the higher value, which is
where the first “fire" occure. Stammler's data uses the energy
input that resulte in 50% of the sample firing. The trends in
the dsta and relative valuea are more important than the
absolute enargy values. The agreement botwzen the second and
tiirid oolurms is considered very good. It can be seen that the
particle size of the materisl cam affect sensitivity consider-
ably (compsre groumd vs. unground A.P.,). Sterting with
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CH3NH3C104, thers le a regular decrease in aensitivity with
methyl subatitution. Howaver, all of the alkyl aubstituted
compounde are -ort sensitive then pure A.P.

Table 6 lhowl good correlation (inverss relationahip)
between impact sensitivity and specific impulse in the homo-
logoua series of smmonium perchloratea. Flame temperature
and Isp eaiimatea were takan from Dobhinn“, except in the
caes of tetramethyl A.P. where it was felt that the extra-
polation would be too great. Neither DTA exctherm nor
adisbatic flame termparaturaa correlated well with the other

) variablel.

V. DTA Cowparison: Ammonium Nitrate vs. Tatramethyl

jum Nitrete

It ia well known that smmonium nitrate (AN) ia
difficult to burm, even under pressures ui 50-70 etmoa-
pherea. Also, ammonium nitrets propallanta ere difficult
ty ignite, and a nuaber of additives, notably ammoniu=
dishromate, have been used to promote smooth burning. In
the gection following, it ia ashown that although AN will
not buru at ambient in the powdax burning teat, tetramethyl
AN burne smoothly. In comparing the DTA curves of these
two ecompounde, it is aeen that there are both qualitative
maf quantitative differences,

Figure I is the DTA plot from 25°C to beyond
decomposition for AN, Figure II ia the plot for tetra-
methyl AN (TMAN). Most interasting 1s the lack of any
real endotherw for TMAX. AN shows four diatinct phase
ohanga endotherms between 40°C amd 175°C. It may well be
that the combustior difficultias of AN are strongly
influencad by the several forms of emergy ahsorption
available to the compound bafore it reechea exotharmic
temperaturds. The AN exotherm 1o st about 290°C, whereaa
the TMAN exotherm occurs at about 360°C. With this dif-
forence in axotherws, other things being equal, we would
expect AKX to burn faster and more readily than TMAN. How-
ever, refeiring to our snlayeis of alkyi aubstitutaed A.P.
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compounds in Quarterly Report no. 2, it may be Teesonable
to consider TMAN as a molecular scsle mixing of (CHy), end
NH4RC5. Such mixtures whether on a perticulate or moleo-
uler scasle gensrate high flame temperaturee (as compared
with the unsubstituted oxidizer) end thus, even though thair
exotherms may be higher, their momopropellant crmbustion
(ignition and rete) will be enhanced, An excellent refer-
ence on the correlstion between DTA plotas end crystal cell
transformations 1is that of Stammier and co-workers'. Stam-
mler shows e DIA plot for tetramethyl ammonium perchlorete
and the resemblance to onr DTA plot of TMAN is striking.

Vi._ Combuation of Substituted Ammonium Nitrats

1t was decided to compare pure ammonivm nitrate
versus a substituted compound in the combustible tube type
of test used es e screening test in this leboratory. The
substituted compound used was tetramethyl smmonivm nitrate
(TMAK). Both powders were -40+50 mesh, at their pour
denaity (about half of theufetical crystel density), end
were loeded into 4 mm 1.d. paper straws.

The semples were 6 to 7 cm in length; they were
burned in ambient air; the AN bulk denaity wes 0,825 g/
cc ¥ 0.025, and the TMAN bulk density 0.545 g/cc + 0,10S.
A minfswm of five siémples eech were burned.
Table 7

Substituted AN Combuetion

. Burning Rate
Oxidizer in/sec at 14,7 peia Rate Renge
A.P. Control 0.033 ) -+ 4+ 0,001%
- 0.0018
Ammoniuvm nitrete Would not burn @ wewe- '

Tetramethyl ammonium 0.022 + 0.005
nitrate .
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As shown in Table 7, the AN samples would not burn,
and the TMAN burned one-third slower than the A.P. control.
TMAN burned with & smooth steady flame and is the slowest
burning monopropallart we have found thus far. The alkyl
sybstitution convérts AN to a monopropellant.

ViI. Conclusions

1. Methyl subetitutad ummonium oxidizers burm
faster than the unsubstituted compounds.

2. In pure substituted perchlorate and nitrate
oxidizer combustion, the faster bumming appears te be
partly due to the greater energy release provide by a
better balance of oxidizing and reducing species.

3. Impact sensitivity ig directly correlatad with
specific impulse in a homologous seriee.

4, The fester burning attributable to a "molecular
premixing” of reducing and oxidizing species iz demonstreted
when propellants having lower cmergy, but containing a portiom
of methyl substituted oxidizer, show a significant burning
increase over reference propellants.

5, Whan compering eimilar propgllants, DTA exo~

therms correleted well with burning rate, This ie not .Liue
for the pure oxidizer burning rates. '

ViII. TFuture Work

1. The dimsthyl A.P. granuler oxidizer burning
rate will be determined at higher bulk density.

2. Further attention will be given to quemch
diemeters and the phenomenon of unstable (pulsuting) com-
bustion.

3. Attempts to produce lerge eingle crydtale of
divelent cetion duped A.P. will be continued.
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